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ABSTRACT 

T n be f wee ? < 25 NASA/Johnson Space Center (JSC) and the Baylor College of Medicine 
(CM) has been underway since 1988 to develop a long-term implantable Ventricular Assist Device (VAD) The 

, .h te h?? l |° 50051 ^ . ard,aC ° Utput 0f patients with deteriorated cardiac function. For many of these 
patients, the best alternative is heart transplantation. Heart transplantation is a complex and expensive procedure 
and usually requires a long waiting period for a donor heart. The condition of the patient often deteriorates during 
this wailing period which complicates the pre and post-operative care Because of these factors the need fnr a inn/ 
“ r °' * « bridge., or as a SSdSS, '££ 

rcS ?n Ch A ™ eneed for a VAD has been estimated at 50.000 to 60,000 patients per year in the United 
S/ h A de I ,Ce , Wb ! Ch sausfies 3,1 system performance and reliability requirements has yet to be 
achieved. However, the development of the NAS A/Bay lor VAD has progressed to stele in which commercS 
viability can begin to be considered. The device is small, simple, efficient and reLble which" ^ 
requirements for a totally implantable VAD. meets an 


HISTORY OF VAD’S 

p. n T he fu ^. w,dely suc «ssful device used to pump blood was invented over fifty years ago by Dr Michael 
DeBakey This pump was called the roller pump and utilized flexible tubing squeezed by Xra to proil^e 
blood. This type of pump is still used today during open heart surgery; however, ad^ancL otoSSs of 
pumps is rendering the roller pump obsolete. During the 1960 - 1980 time period, much work w^s focused^ the 
development of a Total Artificial Heart (TAH). This work was culminated by ibe impSti^o^ S£i£5 
TAH in six pauents[2) dunng the 1980's, but with limited success. Attention has recently shifted toward the 
V ^ raUlCT 153,1 3 TAH f0r **** «•«“■ A V AD operates in paralld with SStaSS^ 
7Vnir^fiv b VA n'° m ^ / ntl ? Cle (usuaJ,y *** lefl > 31,(1 discharging into the descending aorta as shown in Figure l 
E' y ’ ’. VAD s uUl,zed ,n Patients unable to be weaned from heart bypass systems after open heart surgery 

van ic* ' S ne< ;f ss ^ y after cardiac surgery when the natural heart is unable to sustain life. This 6 application ofa 

im^nre?T^ y sh ? t (up 10 one week): however - some cardiac patients could benefit from ^permanently 
planted device. For those pauents who cannot be weaned from the temporary artificial assist system a 
permanent implantable VAD can be used negating the need for a total transplant, artificial or biological For these 
reasons several types of VAD's have recently been developed to fulfill a variety of mediSnST 

fnr n ° f SeCOnd 8 enerati on pumps are centrifugal designs which have been modified to meet the needs 
for providing circulatory assist. They are much smaller and more efficient than the original roller pSnp bS2e 

NA^A/R i exlracorporeaJ Pidmonary and systemic circulatory assist. The need for an implantable device led the 
™ 10 PUPSUe ^ 3X131 n ° W design Which has resulted a VAD which is small enough to fit inside 
h h dre " i l ?° ma ' n obstacles which had to be overcome were hemolysis and thrombosis & Hemolysis is 
e echanicai and chemical destruction of red blood cells resulting in the release of hemoglobin into the blood 
plasma. This causes two problems, the first being a reduction in the oxygen carrying capability of the : btood Td 
die second is toxicity due to excess levels of hemoglobin in the plasma. The kidneys and live/can remove small 
amounts of hemoglobin from the bloodstream through filtration and metabolic absorption respectively If the 
destruction of red blood cells exceeds a threshold, then hemolytic anemia and hemoglobin teSSt icm 
rhrombosis is the formation of blood clots within the pump which can cause pump g seizure, increased hemolysis 
or blockage of the circulatory system itself. Blood tends to clot when contact is made with any fSSgn TbstLce 
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within the bloodstream. Other causes of thrombosis are stagnant areas in which blood is allowed to collect and 
coagulate and platelet damage which causes the release of platelet factors. These factors inmate the coagutauon 
cascade which results in an aggregate of fibrin, platelets, erythrocytes, etc. These blood components can adhere to 
Dump surfaces and cause the pump to seize. Coalings can to some extent reduce thrombosis, but the basic design 
of the pump must be antithrombogenic if the device is expected to last long periods of tune within the circulatory 
system^ Both the roller pump and second generation centrifugal pumps are limned to a pump life of less than two 
(toys for these and other reasons. Pulsatile VAD’s using flexible diaphragms have demonstrated much W 
life, but have yet to be reduced to a size which would allow implantation in awide range of patients. In addition, 
pulsatile V AD's have proven to be very expensive and complex to produce prohibiting their use on a wide b 

DESIGN REQUIREMENTS 

The design requirements for the NASA/Baylor VAD were based on years of practical medical experience as well 
as the demanding environment inside the circulatory system. The basic requirements of low hemolysis and 
antithrombogenicity were of primary concern. However, careful attenuon to minimizing size and maximizing 
efficiency hale resuUed in a device which has the potential to satisfy wide ranging circulatory assist needs^ As with 
anv device which will be put to use in an environment with limited access, the importance of system and 
reSiry could not be overemphasized. This drove the design towards sunp .city with a minimum 
number of components, both electrical and mechanical. Output was required to be 5.0 liiers/minute against a 
pressure head of* 100 mm-Hg. This was based on the required assist flow during previous clinical usage of 
temporary VAD systems. A power input of less than 10 watts was highly desirable to mmunize the size ofthe 
batterniack and the frequency of recharging. After evaluation of these requirements, it was decided thaiasmaU^ 
efficient, axial (low pump was most likely to fulfill all the criteria while maintaining a relauvely low producbon 

cost. 

PUMP DESIGN 

The NASA/Baylor VAD is shown in Figure 2. The envelope dimensions of the device are 2.5 inches a0 cm) 
in lenoth and 1 0 inch (2 5 cm) in diameter. The unit consists of a spinning mducer/impeller with afixed flow 
<£5«£ «££ reside inside ot a now iube. Tbe indueer/impelier is 0 46 inches (1_2 cm>» 
dtometer and is designed to rotate between 10,000 to 15,000 RPM depending upon the required pump output. The 
hXe? serves two roles, one is to pre-rotate the blood before entering the impeller section and the other is to 
nrovide a two-stage pumping effect. The impeller also serves a dual purpose by bousing rare earth magneto m the 
blades to act as alotor of a brushless DC motor as weU as providing pumping action. Magneto implanted m the 
imneller blades allows for a small air gap which results in a high motor efficiency. The inducer and impeller 
perform together to provide an efficient pumping mechanism to propel the blood while maintaining low shear 
levels and minimizing strong vortices. As a result, hemolysis is kept at an acceptable level for permanent human 
lire nTe blood flow to axially directed by the flow straightener before entering the inducer to boost Performance. 
Tbe flow straightener also provides a support for the front bearing. The diffuser axially redirects the highly 
tangential flow leaving the impeller to build pressure for increased pump performance and also minimizes 
turbulence to reduce hemolysis levels. The diffuser also serves as a support for the rear bearing. The front ing 
££5 a ceramic ball riding in a matching sapphire cup. This simple bearing design accommodates both ratoal 
^ ^ai forSs^countered during pump operation. The rear bearing, equally simple, consists of a ceramic shaft 
ridinT inside a sapphire sleeve. The clearance between the shaft and the sleeve is kept very small to ; ensure precise 
alignment and minimize blood leakage into the bearing. The small amount of blood which does miti^ly enter *e 
bearing area is cross-linked by localized heat and effectively fills all the beanng voids. This prevents a constam 
Son Tfres^blood which could cause the bearing to seize. A brushless DC motor winding * located outorfe 
the flow tube and placed over the impeller to provide a magnetic dnve for the mducer/impeller. The pump 
components (inducetfimpeller, flow straightener, and diffuser) are currendy machined from polycarbonate, but other 
materials are being investigated in terms of both biocompaubility and mass production issues. 

CONTROLLER AND POWER SYSTEM DESIGN 

Minimizing the size of the controller was a major design goal since it also is intended for implantation i A 
brushless DC momr drive was chosen due to its simplicity, reliability and high efficiency. Commercially available 
rulers ^^ retolirely complex requiring multiple components and sensors, all of which are potenual failure 
pSs £ tl SSotta rensorl used to detect rotor position. There signals are used to commuuto toe 

motor A control scheme was adopted for the NASA/Baylor VAD which is shown in Figure 3. This scheme 
eliminated Hall effect sensors and toe related electronics by relying on toe back-electromotive force (back EMF) 
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SSiSJirfS" T* T? e blck i MF signaJs can •» uscd 10 detect rotor position and enable optimum 
commutation of the motor. This control method not only reduced the number of electronic rampmfnts to a 

'Z U tl U L^ W8S S ‘ 8 . htly m °? * fficicm tban stand ard HaJ » effect sensor controllers. The poweTdeUvery 
system, b orrow ed [from existing technology with little modification, is called (he Transcutaneous Energy Transfer 
ystem (TTETS). This system was developed for pulsatile VAD’s and has proven to be safe reliable and efficient 
It uses AC coupling to transfer power through the skin eliminating possibKStL siSs ’ 

SYSTEM PERFORMANCE 

Hydraulic and Electrical 

Hydraulic perfbimance of the device is shown in Figure 4. The RPM required for 5.0 liters/min ag ainst 100 
nun-Hg ^relatively -tow at 10.800 for a device of this size. Tbese flow cuiSs were of 

The ™!^c n r ki 3% f W3t ^ 111,5 mixture . P roduces a fluid viscosity and density similar to that of human blood. 

P T P IS capab e of producing much higher flows and pressures as can be seen in Figure 4. This capability 
aUows the pump to supply sufficient flows for a wide variety of patients depending upon dieir cardiac oudlut and 
mean arterial pressure. It also enables the pump to be used in applications which invohre the use^ 
or puLmonaiy assist such as Extracorporeal Membrane Oxygenation (ECMO). The hydraulic efficiency of the 
5"£ l E been e ^ ated “*■* die glycerin/water mixture. This coupled with aS£ SJSdS 

allows the pump to draw only 9 watts of power to produce the required flow and pressure. A new motor design 
w ch is currently under development is expected to reduce this power requirement to between 5 and 6 watts. 

Hemolysis and Thrombosis 

nr hHln| hem0,yUC natUre ° f 3 Pum ? !? charac terized b y d>e level of hemoglobin in the blood plasma. Evaluation 
“ V ' W 15 unpracpcal due 10 facl ** die kidneys and liver remove or metabolicallyab^b 
Kk vary,n * deg T depending upon organ funcUon. If a pump is run with blood in vitro, theamount 
of liberated hemoglobin can be precisely determined by measuring plasma free hemoglobin levels at stiecific time 

,%7 U K0ll f !? of Hemolysis (IH) u, specify an al^We te»e“SioS 

for human use and to facilitate comparison of different pumps under development. A nor malized Inde/nf 

defin^sT ^ H * f4,51 WaS estab,ished 10 compensate for different hematocrit levels found in different tests. It is 


( 1 ) 


where. 


N.I.H = AHgb x V x (1 - Hi) x 100 / (Q x T) 

AHgb = change in plasma free hemoglobin in grains per liter 
V = blood volume of fluid circuit in liters 
Ht = hematocrit of blood in decimal percent 
Q = blood flow rate in liters/minute 
T = time in minutes at specified flow rate 

The N.I.H. is measured as grams per 100 liters and is defined as the grams of hemoglobin liberated by a oumD 
which passes 100 liters of blood against a standard pressure of 100 nun Hg. An acceptable value of* IH for 
peimanent human use has beenestablisbed at less than 0.06 g/lOOL. Ibis value is characteristic of the performance 
? thC 771!!^ roller pump. The IH of the NASA/Baylor pump has been determined to be 0.018 g/lOOL using 
bovine blood. An increase of roughly three times is typical when transitioning from bovine to human blood due to 

the l ra h 8I lty .T^ WOuld p,acc d* ,H of d>e NASA/Baylor pump at 0.042 g/lOOL with h..m»n 
blood. Testing with human blood in the near future wiU likely confirm this extrapolation. In vivo experiments 
with calf models lave shown that the pump produced no hemolysis problems. Further reductions in berncSs are 
expected as the surface finish of the pump components is improved by a combination of mechanical and chemical 
polishing. Mass production parts are likely to be injection molded which will produce a superior surface finish. 

hoc evaJ . uated in vivo Blood clotting involves a complex cascade of chemical reactions which 

has not yet been duplicated in vitro. For this reason, initial animal studies have been conducted to evaluate 
thrombus formation with the NASA/Baylor VAD. Two calf implants have been conducted to date in whtebfc e 
pump was implanted paracorporeally. The first experiment was terminated after 36 hours due to excessive 
hemolysis caused by improper sealing of die magnets in the impeller blades resulting in rapid magnet coSn 
The magnet sealing problem was solved for the second implant. The second experiment lasted 4 5 days before 
terminauon. No hemolysis problems were observed and the pump provided more than sufficient flow while 

STf.h 1 WattS ° f P ° Wer ' ,n ST eased P° wer required was due to the added resistance of the tubing used o 
implant the pump paracorporeally. This resulted in an increased RPM requirement which in turn required slightly 
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more power than expected. This increased power would not be required when the pump is implanted close to the 
heart. The animal tolerated the pump well with no adverse effects. The pump stopped after 4.5 days due to 
thrombus formation around the rear bearing. A redesigned rear bearing has been developed which will likely solve 
this problem. In addition some thrombus formation was noted on the leading edges of the inducer blades. Upoo 
ex am ination voter a microscope, it was determined that this area possessed a very poor surface finish. It is expected 
that improvements in surface finish will not only reduce hemolysis, but also reduce if not eliminate thrombus 
formation on the leading edges of the inducer blades. 

CONCLUSION 

A small, implantable, and efficient VAD has been developed by the NASA/Baylor team. This system has a great 
potential for satisfying the requirements for a long-term V AD for use as a bridge- to- transplant or permanent assist 
device. The technology has been developed sufficiently to begin to consider commercial appUcation. The potential 
market for an implantable VAD has been estimated to be substantial and will grow at a rapid pace once a safe, 
reliable, and cost-effective system is available. The potential benefit to mankind is equally great given the global 
shortage of donor hearts and the reality that a commercially viable TAH will probably not be achieved in the 
immediate future. 
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Figure 1. Placement and configuration of implanted NASA/Baylor axial flowVAD. 
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figure 2. Schematic of NASA/Baylor axial flour VAD. 



figure 4. flow-Preasure cunea of the NASA/Baylor axial flow VAD. 
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Figure 3. NASA/Baylor add flow VAD controller. 
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